1-
When Bothe and Kolhorster in 1929 first put forward the idea that the ultra-radiation might be of a corpuscular nature, on evidence derived from their counter experiments, it was not proved that the primary rays were corpuscular. At that time it was still difficult to accept that corpuscles could have the high energies which were necessary to enable them to penetrate the atmosphere. But also there were two other objections: if the primary rays were corpuscular, the earth's magnetic field should have an influence on their distribution and this was denied by Millikan; also Bothe and Kolhorster, as well as others, did not find a latitude variation. The only exception was given by the results of the writer (1927, 1928, 1929) , which did not carry absolute conviction. Also Regener and Millikan had found their absorption curves in water, which had a great similarity to photon-absorption curves, and, moreover, Millikan had based on these far-reaching and interesting consequences about the origin of the rays.
2-When, however, in 1932 a new expedition of Clay and Berlage confirmed the former results and at the same time the world survey of Compton led to the same conclusion, it could no longer be denied that part of the primary radiation must be corpuscular. After that new measurements of Hoerlin, Prins, Auger and Leprince-Ringuet, Millikan, and the Dutch Cosmic Ray Expedition of 1933 have made this certain.
3-At the meeting in October, 1934, of the International Conference on Nuclear Physics it was still postulated by Millikan, Bowen and Neher, and also by Anderson and Neddermeyer, that the primary radiation consists for the greater part of photons, and others, like Compton and Regener, still took this point of view a short while ago.
The arguments advanced by Millikan and by Anderson are all negative. In the first place, Anderson and Neddermeyer observe in the Wilson chamber electrons leaving a lead plate, without seeing a particle that produces them. I will try to explain this observation later in § 16. In the second place, they see too small a number of tracks of high-energy electrons and in particular none with energies above 6000 million e-volts.
In relation to the first point, one might think of the possibility suggested by Swann* that electrons of very high energy would not ionize.
Secondly, it should be noted that Millikan and Anderson's earlier estimate of the maximum energy occurring in Wilson photographs was a good deal lower than their present value, and that it must be difficult to measure the radii of curvature of the nearly straight tracks of such highenergy electrons. It seems, therefore, that a yet further shift of the upper limit is a possibility not to be excluded.
4-
The most important argument of Millikan depends on the high values of the ionization in the higher part of the atmosphere. I have given an explanation of this fact on theoretical grounds two years ago,f but the results of our expedition of 1933 show that the ionization in equatorial regions is much lowerj than in the regions of higher latitude. We may conclude that this high ionization at our latitudes is produced by the primary particles, admitted there by the magnetic field, which have lost their total energy in the atmosphere (vide also § 13). Positive arguments for the existence of primary rays of photon character have not been given thus far. 
6-
The following observations show that part at least of the primary radiation must be corpuscular.
We found that the ionization in an unshielded vessel at sea level was less at the equator than at 45° magnetic latitude by an amount equal to 17% of the ionization at 45°. § The difference in ionization depends on the shielding and on the meridian on which one measures. At a higher altitude the difference is greater. At 5000 metres we found a difference of as much as 30% between the ionizations at 53° N mag. lat. and 18° S, and in the higher layers of the atmosphere the difference is still greater. At 15,000 metres we found in Java, at 18° S mag. lat., one-eighth of the ionization observed by Regener at the same height in Europe. || These observations give a clear indication that a large part of the primary radiation is corpuscular. 7_i think, however, that our measurements at depths of 100 to 250 metres in a coalmine* and those under 50 metres of water with fourfold counter and ionization chamber! afford good evidence that the whole o f the primary radiation is corpuscular.
We know that fourfold coincidences can only be given by corpuscular rays of high energy. If now the upper limit of energy of the corpuscles were only just that necessary to allow the rays to reach the equator through the earth's magnetic field, viz., about 1010e-volts, then absorption measure ments by coincidences and by the ionization chamber could not go parallel to a depth of 50 m of water or 200 m of rock, as was found. At a depth of 50 m of water the amount of ionization has already decreased to 8% of the ionization at sea level,! and at 110 m under the earth's surface the amount is 1*4% of the surface value. The energy of electrons which can penetrate 50 m of water must be of the order of 25 x 109 e-volts, and those which penetrate 100 m of the earth's crust, taking this as equivalent to 200 m of water, must have energies greater than 100 x 109 e-volts. That we still have corpuscles at depths greater than 200 m of water is shown also by the depth ionization curve, which otherwise would not have this form.
We see, therefore, that the corpuscular rays must have energies greater than the value which just allows them to reach the equator through the earth's magnetic field.
8-
That there are particles with energies greater than 1010 e-volts near the equator is also supported by an experiment with fourfold counters at Bandoeng, 18° S mag. lat. I found that when the primary radiation was filtered through 12 cm lead, a thickness of lead of 24 cm reduced the number of coincidences by 2-5%, or 0*1% for 1 cm lead. § 9-Now with regard to the second question of the energy distribution of the primary particles. On a former occasion|| I suggested a continuous distribution on the basis of the form of the absorption curve in deep water, which is, between 100 and 200 metres, nearly exponential. On this view, the decrease of ionization calculated on Stormer's theory * * * § between 43° and the equator should be 18%, whereas, as mentioned above, our results give for an open vessel about 17%. This close agreement may, however, be accidental because in the region of 43° mag. lat. a dis turbing factor may come into play which I shall mention later.
On the other hand, one could suppose with Compton* that the distribu tion is not continuous but consists of bands of various different energies.
I think the first hypothesis has the advantage that it is founded directly on the continuous absorption curve. Now if there were discontinuities in the distribution of particles, one might also expect discontinuities in the absorption curve; these have not been found, except at the end of the curve at a depth greater than 250 m of water. On the assumption of a continuous distribution, one would expect that the magnetic field would produce a continuous decrease in ionization from high latitudes to the equator. This corresponds to observations made between Genoa and Aden and between Amsterdam and Capetown.f
10-
The best evidence for or against a continuous distribution is provided by the measurement of the spectrum, as was pointed out by Zanstra.J The method consists in recording coincidences of counters in a vertical direction. This experiment has been carried out by Auger and Leprince-Ringuet and also by myself in travelling from Batavia to Suez. The latter experiments gave values which showed a continuous increase towards the higher latitudes, but the accuracy of these measure ments was not high. § 11-Another argument is derived from a series of experiments made with a pressure ionization chamber (28 litres capacity and filled with argon at 45 atmospheres) in a water tank of 1000 cu m volume in a ship between Genoa and Colombo. At depths of 50,250, 450, and 690 cm of water, the results given in fig. 1 were obtained. It is seen that at a depth of 690 cm the radiation remains constant from a magnetic latitude of 4° upwards; and that as the depth is changed from 690 cm to 50 cm the magnetic latitude at which the magnetic field begins to cut off the particles which can pass through the absorption layer-atmosphere and depth of wateradvances from 4° to 15°. (At higher latitudes there is also a transition effect which I do not wish to discuss now.) The values obtained for the cut-off point lie in a smooth curve, but naturally a more extensive series of observations would be desirable. The argument for a continuous distribution over a shorter range of the spectrum receives direct support from the observations already given.* From Medan to Aden there is little change in latitude, but the distance from the magnetic axis varies. Therefore the limit of the forbidden space of Stormer varies only by approaching the magnetic axis of the earth, and in consequence of this the limit of energy of the admitted particles is changed continuously from about 10-7 x 109 e-volts to M agnetic la titu d e 9*7 x 109 e-volts. During this variation a continuous change of the radiation of about 2-5% was observed. I think, therefore, that a con tinuous energy distribution of the cosmic particles is the most acceptable.
13-In accordance with the distribution of the particles at different angles with the vertical, as measured by counter coincidences,! Dr. Zanstra and I were obliged to admit that the particles have partially a range, partially an absorption coefficient, the value of which was based on three different experimental results and was about 0-3 per metre of water. When we compare the decrease of the fourfold coincidences by different thicknesses of lead in Amsterdam with that in Bandoeng, we find that at first the decrease is much more rapid at Amsterdam; at 40 cm of lead the ratio of change is about the same as that in Bandoeng at 13 cm of lead, and then from these points onwards the decrease is similar in both places.
This gives us reason to suppose that the very high-energy particles, higher than 15 x 109 e-volts, lose only a small part of their energy when they pass or traverse the atomic nucleus, but that particles of lower energy can be stopped at once and be captured by the nucleus, causing perhaps its explosion (perhaps the Hoffmann bursts). In general at the end of their path, when their energy falls below a certain limit (depending also on the absorbing nuclei) they lose their energy more rapidly. This may be the reason why in the higher regions of the atmosphere the ioniza tion at greater latitudes is so much larger than nearer the equator, cf. § 4. One may also expect, in the equatorial region, particles which have such a long path through the atmosphere that they lose their whole energy in the atmosphere, but their number will be much smaller. On account of the transition effect, shown in the figure by the bending of the curves a to d, in water, I think that at about 30° latitude the limits for absorption and magnetic field are at sea level.
14-
Now we come to the third question. When we measure the ionization in a vessel, we know that the ionization is caused by the charged particles which pass through the vessel. Also in the Wilson chamber We see the paths of charged particles. Again, in coincidence counter experi ments we have to do with charged particles, as is clearly shown by Rossi's experiment.* Nevertheless, I think we have to assume the existence of one or two intermediate radiations of photon character, between the primary corpuscles coming from outside the atmosphere and the greater part of the corpuscles observed in our experiments.
The following are the reasons for this assumption.
15-It was shown by Gilbertf that the cosmic ray showers, produced in lead, measured at different heights, show the same increase with height as the ionization itself. There is a good parallelism between showers and ionization. These shower particles have a range of about 2 cm in lead, as we know from the experiments of Rossi, Gilbert, Fiinfer, Sawyer. That they really are particles we know from the Wilson photographs of Blackett, and Anderson. Now the first argument that the rays which produce these showers are not corpuscular has already been put forward by Gilbert, and Blackett. The absorption coefficient is not of the corpuscular type but is proportional to the second power of the charge of the nucleus for different materials.-First argument.
16-in Anderson's experiments with absorption sheets of lead and carbon in the Wilson chamber, there are often electrons emerging from the lead whereas we do not see the ray which has produced them. These photons, which Anderson also assumes cannot be primary rays as we saw above, § 3, may be the intermediate photon radiation produced by the primary corpuscles.-Second argument.
17-
It is very striking that Johnson's calculations of the transition effects, studied by Steinke and Schindler, give such a good explanation of the facts. For the absorption of the rays which come into play here, he used the ordinary formula for photon absorption.-Third argument.
18-
But the remarkable thing is that Johnson* himself has given the strongest argument against the supposition of the photon character of the shower-producing radiation. He repeats an experiment of Rossi, where three counters are placed in a triangle and measured the coincidences, which must obviously be caused by showers, when a lead plate is above and when it is below the top of the triangle. In the second position he finds nearly the same number of showers as in the first and concludes that this can only occur when the primary ray which produced the shower was itself corpuscular. Now Johnson carefully mentions that this con clusion only holds when the showers are produced in a downward direction, and the experiment would lose its significance if this were found not so. Rossif had formerly given the same explanation with more reserve.
19-
Now I found in a series of experiments! that in an ionization vessel the number of ionizing particles coming from the upper wall and those from the lower wall are exactly equal. It is this result, I think, which forces us to assume one or more non-corpuscular radiations between the primary rays and the corpuscles from the wall, which go in all directions with the same intensity. If the primary rays were the direct producers of the wall-radiation the total amount of momentum should be in the same direction as the primaries.
In our experiments the primaries could come only from above. As we know, from the experiments of Joliot* and of Klemperer,f that an encounter of a negative electron with a positive electron gives photons in opposite directions, and that at an encounter of high-energy photons with the nucleus of heavy atoms electrons originate in random directions,{ we have the explanation how it is possible that the walls of an ionization vessel give ionizing particles equally in all directions.-Fourth argument.
20-But only a few weeks ago I found a very curious phenomenon which is very difficult indeed to explain without these intermediate photon radiations. Professor Woltjer sent me the results of his measurements, made in Bandoeng with an instrument I left there, of the variation of the intensity of the cosmic radiation, as measured through an absorber of 9 cm of lead, with barometric pressure. The variation is opposite to that found with an open vessel. This induced me to examine the similar measurements made during the expedition to Bandoeng last year. The barometric variation was measured with open vessel, and with absorbers of 4-5, 9, 13-5, 22 and 31 cm of lead. It was now found that for thick nesses of 4-5 and 13 cm of lead the variation was very small, with 22 and 31 cm of lead the variation was greater and of the same sign as with the open vessel, but with 9 cm of lead the variation was in the opposite direction to what has always been observed hitherto, that is, with 9 cm of lead, the ionization was greater when the barometric pressure was high and less when it was low. This very strange result troubled me for some time until I saw that the existence of intermediate photon radiations would explain it. It is clear that a corpuscular radiation without any other kind of radiation could only decrease when the absorb ing layer is increasing. The same with a photon radiation. When we now know that the final corpuscular radiation of the wall-and this is the radiation which gives the bulk of ionization in our vessels-has its optimum for a certain absorption layer, the ionization can increase when this radiation increases. This photon radiation is produced by encounters of the primary corpuscles in the atmosphere and will increase with increasing density of the atmosphere. In a favourable case, as we evidently have here, the increased production may over-compensate the reduction in the number of primaries by absorption. A photon radiation of this energy may be less readily absorbed than a corpuscular one of the same energy. I think it will be almost impossible to explain the pheno menon unless one assumes one or more intermediate radiations of a different nature-Fifth argument.
21-By a counter-experiment with two counters above a piece of lead in series with 3 parallel counters at the side of the lead, we were able to show recently, that there is no correlation between the primary rays, which fall on a piece of lead and corpuscular rays, which are produced in the lead in the same time.*-Sixth argument.
22-I have preferred everywhere to speak of intermediate radiation because in addition to this we have also secondary particles produced by the primary particles.
We thus have a set of positive arguments that one or more intermediate photon radiations exists between the primary radiation, which is wholly corpuscular, and most of the corpuscles we observe in ionization chambers, or in counters and which we see in a Wilson chamber.
